Introduction
Human IFN-gamma (γ) immunity plays a crucial role in host defense against intra-macrophagic pathogens such as Mycobacterium and Salmonella [1] . The importance of this cytokine has been highlighted by the study of Mendelian susceptibility to mycobacterial disease (MSMD), a rare primary immunodeficiency (PID), which was first clinically described in 1951 [2] . Monogenic defects in components of the IFN-γ circuit predispose individuals to severe infections, either disseminated or localized, and recurrent, caused by weakly pathogenic mycobacteria, such as Bacillus Calmette-Guérin (BCG) vaccines and environmenta mycobacteria (EM), as well as Salmonella species. Furthermore, patients with MSMD also show an increased susceptibility to more virulent mycobacterial species such as Mycobacterium tuberculosis [1, 3, 4] . Different genetic etiologies have been identified in this group of PID [5] . To date, mutations in several autosomal (IFNGR1, IFNGR2, IL12B, IL12RB1, STAT1, ISG15, SPPL2A, and IRF8) and two X-linked genes (NEMO and CYBB) have been reported as the cause of MSMD [5] [6] [7] [8] .
The most frequent genetic etiology of MSMD is complete autosomal recessive (AR) IL12RB1 deficiency [5, 9] . In patients with deficiency of the IL-12 receptor beta 1 subunit (IL-12Rβ1), the lack of IL-12 and IL-23 signaling leads to abolished or reduced IFN-γ production by NK and T cells. The respective contributions of IL-12 and IL-23 to this process are unknown. These patients typically develop a broader range of non-mycobacterial infections, such as salmonellosis and candidiasis, than patients with other causes of MSMD [10] [11] [12] . Defects in IL12RB1 are considered to be the most common cause of MSMD worldwide (44%). IL-12Rβ1-deficient patients usually present recurrent infections due to weakly virulent mycobacteria, while invasive salmonellosis was reported present in up to one third of the patients [5, 9, 13] .
A high rate of Iranian patients with IL-12Rβ1 deficiency is already apparent, with 21 patients from 19 kindreds previously reported [9, [14] [15] [16] [17] [18] [19] . This highlights the influence of the high parental consanguinity prevalence in Iran leading to an increase in the number of inherited recessive pattern of mutations in genes, particularly in the IL-12/IL-23/IFN-γ axis. This suggests that screening for IL-12Rβ1 deficiency is important in Iranian patients with complications of BCG vaccination. Here, we describe four Iranian patients from Isfahan with MSMD in which cellular and genetic analysis was performed to detect and diagnose IL-12Rβ1 deficiency.
Material and Methods
Patients and their families, including asymptomatic relatives, were enrolled in this study which was held at Isfahan Immunodeficiency Research Center (IIRC), Iran. Informed consent for participation in this study was obtained in accordance with local regulations and with approval from the Institutional Review Board (IRB). All four patients were born to consanguineous parents and all patients displayed unusual mycobacterial infections. The clinical diagnosis of MSMD was made after exclusion of other PID, such as severe combined immunodeficiency (SCID), combined immunodeficiency (CID) including the PID affecting the NF-κB pathway, chronic granulomatous disease (CGD), and the hyper IgE syndrome (HIES).
DNA Extraction and Sanger Analysis
Genomic DNA was extracted from whole blood using the QIAamp DNA Blood Mini Kit (QIAGEN, Germany) according to the manufacturer's instructions. The coding exons and flanking intron regions of IL12RB1 genes were amplified by polymerase chain reaction (PCR) using custom-made primers (sequences available upon request). PCR products were analyzed on a 1% agarose gel and purified using Sephadex G-50 Superfine resin (Amersham GE). The purified DNA was sequenced on a 3700 DNA analyzer (Applied Biosystems) by the dideoxynucleotide termination method using BigDye Terminator chemistry (Applied Biosystems). Results were analyzed with GenalysWin 2.8 software.
Cell Culture and Whole Blood Stimulation
Blood samples from patients, their families, and nine healthy controls were diluted 1:4 in RPMI 1640, dispensed at 1 ml/well into a 24-well plate. The following conditions were used for stimulation: with medium alone; with live BCG (Mycobacterium bovis BCG, Pasteur strain) at multiplicity of infection (MOI) = 20; with BCG plus recombinant IFN-γ (5,000 IU/mL, BioLegend, inc) or BCG plus recombinant IL12p70 (20 ng/mL, R&D Systems); with 100 ng/mL lipopolysaccharide (LPS, from Escherichia coli 026:B6 (L2654-1 mg), Sigma USA) alone or in combination with recombinant IFN-γ (100 IU/ml, BioLegend, inc). All cells were incubated at 37°C and in a 5% CO 2 atmosphere. After 48 h of incubation, supernatants were collected and centrifuged at 1,800×g for 10 min.
ELISA and Cell Surface Flow Cytometry
Production of cytokines in response to IL-12 and IFN-γ stimulation was evaluated using ELISA assays specific for IFN-γ (LEGEND MAX human IFN-γ kit, BioLegend), TNF (Human TNF Platinum ELISA kit, eBioScience), and IL12p40 (Human IL-12/23 p40 Platinum ELISA kit, eBioScience) according to the manufacturer's instructions.
Using heparinized blood samples from patients and healthy controls, peripheral blood mononuclear cells (PBMC) were separated by centrifugation on a Ficoll-Hypaque density gradient as previously described [20] . The PBMCs were cultured (10 6 cell/well) in RPMI 1640 supplemented with 10% heatinactivated fetal bovine serum (FBS), 100 UI/mL penicillin and 100 μg/mL streptomycin (GibcoBRL). For generation of phytohemagglutinin (PHA)-activated T cells, PBMCs were activated with 20 μg PHA for 72 h. IL-12Rβ1 expression on the surface of PHA-activated T cells was detected using PE-anti-IL-12Rβ1 mAb (BD) and anti-CD-3-FITC mAb (BD). FITC-anti-mouse IgG2a,κ and PE-anti-mouse IgG1,κ were used as isotype controls. IL-12Rβ1 expression was assessed on CD3 + PHA-activated T cells on a FACS-Calibur flow cytometer using CellQuest Pro software (BD Biosciences).
Results

IL12RB1 Genotype in Four Iranian Kindreds
In this study, we investigated four patients, ranging in age from 3 months to 26 years, from unrelated consanguineous pedigrees presenting with clinical disease caused by BCG (Supplemental material and Table 1 ). Sanger sequencing of 17 IL12RB1 coding exons and flanking introns revealed homozygous mutations in all four patients. Sequencing analysis of P1 found a homozygous single nucleotide deletion in exon 10, c.1172delC, which causes a frameshift and is expected to result in a premature stop of translation (p.P391Rfs*62). Her parents were heterozygous for this same mutation (data not shown). P1's sister (1.II) is also a heterozygous carrier for the c.1172delC mutation. This mutation was primarily reported in Iran [16] . In P2 and P3, a known homozygous mutation at the 3′ splice site of exon 15, c.1791+2T>G was identified (data not shown) [9, 16, 21, 22] . P2 and P3's parents were heterozygous for this mutation. In P4, we identified a homozygous nonsense mutation in exon 9, c.962C>A which creates a premature stop codon upstream of the transmembrane domain (TM) [21] and is likely to result in a truncated protein, p.S321*. He is the first to report of this mutation in Iran. P4's parents carried heterozygous c.962C>A allele.
Abolished IL-12Rβ1 Expression on T Cell PHA Blasts
Surface expression of IL-12Rβ1 was evaluated by flow cytometry analysis of T cell PHA blasts from patients and healthy controls using different antibodies specific to IL-12Rβ1 protein. We found that expression of IL-12Rβ1 was completely abolished on the surface of cells from the patient with c.1172delC mutation (P1), as indicated by very weak specific fluorescence compared to healthy controls, while her sister (1.II) and her parents (data not shown for her parents), who are heterozygous for the same mutation, had normal IL-12Rβ1 expression (Fig. 1a) . Surface expression of IL-12Rβ1 was also undetectable in patients with c.1791+2T>G and c.962C>A mutations (P2, P3, and P4), while their parents showed normal expression ( Fig. 1a, b ; data not shown for their parents).
Impaired Cellular Responses to IL-12
Next, we investigated the response of patients' cells to IFN-γ and IL-12 cytokines. Using whole blood test, we assessed IFN-γ production in response to BCG alone and BCG + IL-12 after 48 h of stimulation. As shown in Fig. 2a , IL-12Rβ1-deficient patients (P1, P2, P3, and P4) failed to show a response to IL-12 (no increase of the IFN-γ production Fig. 2 The IL-12 and IFN-γ responses on whole blood activation. a Production of IFN-γ (pg/mL) in response to Bacille Calmette-Guérin (BCG) and BCG + IL-12 in whole blood cells was quantified in patients with IL-12Rβ1 deficiency (P1, P2, P3, and P4). b Production of IL-12 was assessed in supernants of whole blood activation by BCG and BCG + IFN-γ activation. c TNF production was indicated in response to lipopolysaccharide (LPS) and LPS + IFN-γ. 1.II is the sister of P.1, C-is an IL-12Rβ1 deficient. ns, not significant; NS, not stimulated patients (P1, P2, P3, P4) with IL12RB1 mutations compared to healthy controls (Fig. 2b) . We also generally assessed TNF production in response to LPS and LPS plus IFN-γ. All patients produced TNF levels that were similar to those of healthy controls (Fig. 2c) .
Discussion
We reported here four Iranian patients with AR complete IL-12Rβ1 deficiency from unrelated consanguineous families from Isfahan. The present study reports three homozygous mutant alleles of IL12RB1 as following: one patient (P1) with a single-nucleotide deletion in exon 10, c.1172delC, who is only the second child reported [16] ; two patients (P2, P3) with a splice site mutation affecting exon 15, c.1791+2T>G; and the p.S321* mutation in exon 9 identified in P4. This last mutation has been previously reported in only one child from Pakistan [21] . To our knowledge, one of the most frequent IL12RB1 mutations is c.1791+2T>G, found in 30 cases from 20 kindreds in Iran, Spain, Sri Lanka, China, Turkey, Mexico, Ukraine, Saudi Arabia, and France [9, 16, [21] [22] [23] [24] [25] [26] [27] . To date, this c.1791+2T>G mutation is detected in Spain with 6 patients, followed by 5 patients in Iran and in Mexico [9, 16, 21, 22, 25, 28] . If we take our patients (P2 and P3) into account, Iran ranks as the country with the most frequency of IL-12Rβ1 deficient patients (7 patients), caused by c.1791+ 2T>G mutation. It was first described in an Iranian case affected by disseminated Salmonella enteritidis without any mycobacterial diseases due to birth in the USA and lack of BCG vaccination [22] . Clinically, all four patients reported here received BCG vaccination during the first days of life, a standard procedure in Iran, resulting later in a BCG disease. In general, this infection can affect lymph nodes, the liver, or the spleen. We also described infection by Candida in two of our patients (P1, P2). Candidiasis is a frequent infection among IL-12Rβ1 deficient patients [9] , previously reported in cases of those who carried the c.1791+2T>G mutation in Mexico, Turkey, and Spain [9, 24, 25, 29] . This report is the first Iranian IL-12Rβ1-deficient case presenting candidiasis with c.1791+2T>G mutation. Additionally, this study is the first report of the c.962C>A mutation in Iran, described only in an 18-year-old man from Pakistan who complained from salmonella infection [21] . Remarkably, in this study, we presented for the first time one IL-12Rβ1-deficient patient (P3) with mycobacterial osteomyelitis who had no deficiency in IFN-γ signaling pathway [3, 6] . P3 displayed multifocal and recurrent mycobacterial osteomyelitis. In general, mycobacterial osteomyelitis (MOM) is a typical feature of patients with impaired response to IFN-γ, sometimes only involving the bone [13, [30] [31] [32] [33] . Clinical presentation is in most of the cases multifocal MOM caused by EM, mainly M. avium or BCG. MOM is a frequent manifestation in AD IFN-γR1 or AD STAT1-deficient patients, all but one as disseminated osteomyelitis [34] [35] [36] [37] [38] . Additionally, patients with AR IFN-γR1 deficiency have been described with MOM as part of disseminated mycobacterial disease. This has been reported in half of the patients with AR partial IFN-γR1 deficiency; in 10 of the 20 patients described [39] [40] [41] [42] ; less frequently in patients with AR complete IFN-γR1 deficiency; and in 16 of the 59 (27.1%) cases published [13, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Moreover, a patient with AR partial IFN-γR1 deficiency has been reported with osteomyelitis caused by Coccidioidomycosis [54] . These patients have an impaired cellular response to IFN-γ compared to healthy controls and complete AR IFN-γR deficiency that failed completely to respond to IFN-γ. Inversely, the IL-12p40 production in response to IFN-γ in P3 was similar to those in healthy controls. Interestingly, no mycobacterial osteomyelitis has been previously described in the 205 reported patients with IL-12Rβ1 deficiency [5, 9, 14, 16, 17, [55] [56] [57] [58] . Osteomyelitis has however been described in these patients as caused by Salmonella spp. [59] , Cryptococcus neoformans [60] , and Coccidioides spp. [61] . Thus, mycobacterial osteomyelitis is another type of location in the defect of IFN-γ production and it expands the spectrum of clinical IL-12Rβ1-deficient patients.
